Abstract. With the emergence of the CAN (Coherent Amplification Network) laser technology, a new scheme for direct particle acceleration in periodic plasma structures has been proposed. By using our full electromagnetic relativistic particle-in-cell (PIC) simulation code equipped with ionisation module, we simulate the laser fields dynamics in the periodic structures of different materials. We study how the dynamic ionization influences the field structure.
Introduction
With massive parallelism as its constitution concept, the concept for the Coherent Amplification Network (ICAN) involves a huge number of identical and mutually coherent laser pulses in a vast fibre array [1] . In the previous paper [2] , we have proposed the non-resonating open periodic plasma structure for a particle accelerator that utilises the coherent laser field directly. A sketch of the plasma structure is shown in Fig. 1 . One period of the whole scheme consists of two rectangular plasma slabs to screen the decelerating phase of the laser field. A hole with width w is drilled through the centre of the boxes along the x-axis to allow for electron beam propagation. The gap between two boxes is equal to half laser wavelength. A pair of counter-propagating laser beams, produced by the CAN technology, will interfere at the centre of the gap. If injected at a proper phase, an electron is able to harvest the accelerating field during the half laser period. The coherency of the laser beams provided by the CAN project allows us to construct a multitude of these structures.
Previously, it has been assumed that the whole structure has been pre-ionised. Thus, the effect of the ionisation process, which may strongly influence the evolution of the laser fields in the structure and later the particle beam propagation, has not been taken into account. In this paper, we study the interaction between the laser fields and the structure including dynamic field ionisation of the material. For the simulation model, we use the VLPL code [3] including the ionisation module. The effect of electron collisional-ionisations is neglected in our study since they are slow compared to the femtosecond pulse duration [4] . Fig. 1 . Sketch of one period of the direct particle acceleration scheme using the CAN technology. Here, λ0 is the laser wavelength, w is the hole width and ly is the thickness of the structure. A pair of counter-propagating laser pulses is generated by the CAN system and interferes with each other at the centre of the structure. If injected at a proper phase, the electron beam will pick up the accelerating field in the cavity during half laser period and is screened from the decelerating field by the structure.
Method and Simulations
There are two limiting cases of ionisation: tunnelling ionisation (κ 1) and multiphoton ionisation (κ 1). Here, κ, introduced by Keldysh, is called the adiabaticity parameter and is defined as the ratio between the frequency of laser light ω and the frequency ω t of electron tunnelling through an ionisation potential barrier of an atomic level U ion [5] ,
in which E is the amplitude of the electric field, m e and e are the electron mass and the elementary charge, respectively. At the early stage of the ionisation process, the ionisation potential U ion of materials we study is from 20 eV to 120 eV and if the intensity of the laser field is about I ≈ 2 × 10 17 W/cm 2 , eq. (1) yields κ ≈ 0.07, which is in the applicable range of the tunnelling ionisation model. In our simulations, the time step ∆t is smaller than the laser period T 0 (∆t/T 0 = 0.005), hence the laser field can be considered to be static in each time step. The tunnelling ionisation rate of complex atoms in a static field E is given by [6] 
Here, U H = 13.6 eV is Hydrogen's ionisation potential at the ground state; ω a = α 3 c/r e is the atomic unit frequency and E a = α 4 m e c 2 /er e , with α and r e are the fine structure constant and classical electron radius, respectively; l and m are the electron's quantum number and its projection; n * = Z U H /U ion is the effective principal quantum number and n * 0 is the value for the ground state; l * = n * 0 − 1 is the effective value of the orbital number; Z is the ion charge number after ionisation. The coefficients C n * l * , based on the Ammosov-Delone-Krainov (ADK) model [7] , are We study the stability of the accelerating field in periodic structures made out of three different materials: graphene, aluminium or copper. Table 1 shows the fundamental properties of these materials. Copper and aluminium atoms have 1 and 3 electrons in the outer shell, respectively. These are the electrons they contribute to the conduction band. For graphene, due to the hybridisation bonding, it has 1 electron available for the electronic conduction while the other 3 electrons are reserved for chemical bonding.
In our PIC simulations, the laser wavelength is assumed to be λ 0 = 800 nm. The periodic structure is sketched in fig. 1 . The thickness of the structure is l y = 0.25λ 0 and the width of the hole is w = 0.2λ 0 . The ground state of the structure is simulated by seeding two species, ion and electron, into the simulation box at the beginning. The ion density is set equal to the atom density (see table 1) and the electron density is equal to the number of electrons in the conduction band multiplied by the atom density. Consequently, the ion species has initially the charge state corresponding to the number of electrons in the conduction band. The two counter-propagating laser pulses have Gaussian focal spots in the longitudinal direction (x) and their optical axes pass the centre of the structure. To save the computation time, we have chosen the beam diameter at the focal point d = 3λ 0 and the duration τ = 4λ 0 /c for both pulses. The relativistically normalised laser amplitude is a L = eE L /m e ω 0 c = 0.3 that corresponds to an optical intensity I ≈ 1.924 × 10 17 W/cm 2 . Here, E L is the laser electric field amplitude, ω 0 is the laser frequency, m e , e and c are the electron mass, the electron charge and the speed of light, respectively.
We use two dimensional planar geometry in our simulations. The simulation box is 7λ 0 ×4λ 0 with grid steps 0.01λ 0 ×0.01λ 0 in X, and Y directions. We use 8 particles per cell for each species. Figure 2 shows the simulation results for graphene, aluminium, and copper, respectively to each column. The pictures are taken at the simulation time t = 6.4λ 0 /c. It can be clearly seen from the pictures that the dynamic ionisation process is very non-uniform in graphene and in copper structures. This leads to a significant disturbance of the fields in the cavity and inside the hole. In contrast, in aluminium structures at the same time of simulation, the ionisation process only starts occurring at the edges of the structure while the integrity of the field in the cavity is still robustly maintained.
With aluminium's coming up as the potential material for the structure, we also test the dependence of the field on the hole width w, while keeping other simulation parameters intact. We run a set of simulations with the hole widths d hole = {0.1λ 0 , 0.2λ 0 , 0.3λ 0 , 0.4λ 0 }. Figure 3 shows the simulation results. Similarly, the pictures are taken at the simulation time t = 6.4λ 0 /c. Upon observing the pictures we notice that as the width increases the shape of the electric field at the centre of the structure changes from a flat-top into a bell-like shape. Moreover, the results also tell us that with the increase of the width, the shielding is losing its effectiveness by Fig. 2 . Results of simulations modelling the interaction between a pair of counterpropagating laser pulses and the structure. The materials being used are graphene, aluminium and copper, corresponding for each column. The first three rows illustrate the longitudinal E x, transversal Ey fields, and the magnetic field Bz, respectively. The fourth row shows the one-dimensional cut of the electric field Ex at the centre of the structure along the x-axis. The last row depicts the electron density of the structure. Fig. 3 . Simulation results of aluminium with different hole sizes w. Aluminium is used as the material for every simulation. The width is 0.1λ0, 0.2λ0, 0.3λ0 and 0.4λ0 from left to right, respectively. The first row shows the normalised electron density ne/ncr of the structure. The middle rows depicts the normalised electric field Ex. The bottom row plots the 1D cut of the longitudinal electric field Ex at the centre of the structure along the x-axis. letting more field tunnelling into the hole, which is not desired for particle acceleration. We also note that for the wider hole, the peak of the field amplitude is smaller. Thus, by keeping the width w ≤ 0.2λ 0 the structure can shield off the field effectively and produce a decent field for particle acceleration.
Summary
To conclude, we have studied the evolution of laser fields in the periodic structure with three different materials: graphene, aluminium, and copper. Due to the ionisation process, a strong disturbance occurs in structures made of graphene and copper, which renders these materials unsuitable for our scheme of particle acceleration. Meanwhile, the robustness of aluminium allows us to produce a decent field, which can be used to accelerate particles. Moreover, the shape and the peak of the field amplitude are also influenced by the width of the hole. By maintaining the width w ≤ 0.2λ 0 , the field achieves the higher amplitude and has a flat-top profile. Our next step is to study the injection and particle dynamics of electron beams in the structure. These tasks will be discussed in our future publication.
